Residual feed intake (RFI) is a measure of feed efficiency, in which low RFI denotes improved feed efficiency. Caloric restriction (CR) is associated with feed efficiency in livestock species and to human health benefits, such as longevity and cancer prevention. We have developed pig lines that differ in RFI, and we are interested in identifying the genes and pathways that underlie feed efficiency. Prepubertal Yorkshire gilts with low RFI (n ϭ 10) or high RFI (n ϭ 10) were fed ad libitum or fed at restricted intake of 80% of maintenance energy requirements for 8 days. We measured serum metabolites and hormones and generated transcriptional profiles of liver and subcutaneous adipose tissue on these animals. Overall, 6,114 genes in fat and 305 genes in liver were differentially expressed (DE) in response to CR, and 311 genes in fat and 147 genes in liver were DE due to RFI differences. Pathway analyses of CR-induced DE genes indicated a dramatic switch to a conservation mode of energy usage by down-regulating lipogenesis and steroidogenesis in both liver and fat. Interestingly, CR altered expression of genes in immune and cell cycle/apoptotic pathways in fat, which may explain part of the CR-driven lifespan enhancement. In silico analysis of transcription factors revealed ESR1 as a putative regulator of the adaptive response to CR, as several targets of ESR1 in our DE fat genes were annotated as cell cycle/ apoptosis genes. The lipid metabolic pathway was overrepresented by down-regulated genes due to both CR and low RFI. We propose a common energy conservation mechanism, which may be controlled by PPARA, PPARG, and/or CREB in both CR and feed-efficient pigs. microarray; transcriptional profiling; ESR1; residual feed intake; peroxisome proliferator-activated receptor a; peroxisome proliferatoractivated receptor g; cAMP response element binding; protein Animal performance and blood parameters. Posttreatment body weight, backfat depth, loin eye area, pretreatment RFI, ADG, FI R495 RESPONSE TO CALORIC RETRICTION AND RFI DIFFERENCES IN PIGS
GENETIC MECHANISMS THAT CONTROL feed intake (FI) and feed efficiency are not well understood. Differences in feed efficiency arise due to factors such as variations in body composition, feeding patterns, digestibility, activity, thermoregulation, and tissue metabolic rates (68) . Residual feed intake (RFI) has been broadly accepted as a reliable method of measuring feed efficiency and is defined as the feed consumed above or below what is required for growth and maintenance (47, 54) . Pigs with low RFI (LRFI) consume less food than the popu-lation average without a significant loss in growth parameters such as body weight and composition, and therefore, they are more feed efficient. Our group has successfully developed pig lines that differ in RFI up to 124 g/day without significant change in the body composition, with an estimated heritability for RFI of 0.33 (12) . The physiology underlying RFI differences has been studied mainly in poultry and in beef cattle, in which whole-genome SNP analyses and microarray approaches have been undertaken (6, 9, 74) . For example, transcriptomic analysis of liver biopsies from Angus bulls identified 163 differentially expressed genes between animals with high and low RFI (16) . These genes represented several cellular pathways, such as growth, proliferation, protein synthesis, lipid metabolism, and carbohydrate metabolism (16) .
Efficient feed utilization has also been achieved with caloric restriction (CR) in cattle and chickens (67, 69) . The motivation to understand biological mechanisms underlying response to CR extends beyond feed efficiency in livestock species. Caloric restriction prolongs lifespan in virtually all species, including mammals, and recent reports suggest that CR is the most compelling cancer-prevention regimen in the carcinogenesis models (2, 38) . Translation of the CR phenomenon to human health is critical, considering that obesity, a major risk factor for several types of cancers and age-associated chronic diseases, is alarmingly increasing in the Western world (80) .
Transcriptional profiling of CR to elucidate pathways involved in longevity-promoting mechanisms in rodents has been investigated (76, 83, 85) ; however, the pig is a better suited model for the human energy homeostatic system than rodents and has contributed to improved knowledge of human metabolic disorders, such as obesity and diabetes (59, 72) . Understanding efficient feed utilization in pigs will also lead to improved agricultural economy, as pork is used as a major human food source worldwide, and the cost of feed amounts to the largest variable cost in pork production, making up 68% of the total variable cost (33) . Significant advances have been made in swine transcriptomics in recent years (79) , and gene expression profiling has been employed in several porcine tissues, including adipose and liver tissues (52) .
Several transcription factors (TF) and nuclear receptors are known to mediate the response to CR (22) , and they regulate specific metabolic adaptations within each peripheral organ and coordinate intertissue communication for energy homeostasis. Previous studies have established regulatory roles for several TF in fat and/or liver tissues, such as CCAAT/ enhancer binding protein alpha (15) , hypoxia inducible factor 1, alpha subunit (HIF1A) (42) , peroxisome proliferator-acti-vated receptors gamma (PPARG) (82) , and alpha (PPARA) (57) . However, previous large-scale transcriptional profiling reports on CR or RFI (16, 73, 83) have not included global analysis of key regulatory TF that may be responsible for the differentially expressed (DE) genes.
Our objective was to identify pathways and transcriptional networks of genes responding to CR or to differences in RFI using transcriptional profiling of over 24,000 genes in key metabolic tissues of pigs that is corroborated by blood metabolite analyses. Our hypothesis was that such results may implicate candidate genes to improve feed efficiency in pigs, as well as elucidate some of the longevity promoting mechanisms associated with CR. We report 6,114 genes in adipose tissue and 305 genes in liver to be DE (q Յ 0.05) due to 8-day CR and 311 fat genes and 147 liver genes to be DE due to differences in RFI. Major potential regulators of genes responding to CR were identified by assessing the known regulatory connections of TF to the DE genes. This study reports 1) the first global transcription profiling study on the effects of CR and differences between high and low RFI groups of pigs, 2) identification of key TF in the global response to CR or to RFI group differences, and 3) analysis of shared genes and biological pathways between the responses to CR and RFI group differences.
MATERIALS AND METHODS

Animals and Feeding Treatments
Six-month-old Yorkshire gilts from either a line selected for three generations for improved feed efficiency, based on low RFI (12) or from a control line were used. Animals were fed ad libitum (AL) standard swine diet with 20% crude protein until weaning (Kent Feeds, Muscatine, IA) and with 16 -17 .5% crude protein diet after weaning (Mid-State Milling, State Center, IA). To exclude potential effects of genotype for MC4R D298N, which has been reported to be associated with FI, backfat, and growth (45) , pigs were genotyped for this MC4R variant and 90 heterozygous gilts, 45 from each line, were placed on the FIRE electronic feeders starting at ϳ35 kg until pigs weighed ϳ75 kg. Subsequently, pigs were evaluated for average daily FI, average daily gain (ADG), and RFI using procedures described previously (12) . Ten animals with the highest RFI from the control line and 10 animals with the lowest RFI from the selection line were randomly assigned to feeding treatments and individually penned. Henceforth, we refer to the RFI differences between high and low RFI groups as the RFI difference. Starting at 0600 on day 1, gilts were fed AL with continuous access to feed until ϳ0800 on day 9 or were fed twice daily with feed equivalent to 80% of maintenance energy requirements for 8 days in a randomized complete block design with a 2 (RFI group) ϫ 2 (feed) factorial arrangement of treatments. Maintenance energy requirements were estimated as 110 kcal of digestible energy per kg of metabolic weight, which was defined as body weight raised to the 0.75 power (62a). Digestible energy content of the feed was 3,600 kcal/kg. Blocks were defined as animals that underwent treatment on the same day, and each block contained at least one animal from each combination of RFI group and feed treatment (see Supplemental Table 1 in the online version of this article). A total of five animals were used for each combination of RFI group and feed treatment. Tissues from 10 pigs were harvested in the fall and from another 10 in the following spring. All animals received water AL. On day 9 (0900 -1130), pigs were killed by electric stunning and exsanguinations. Samples of hepatic tissue and the 10th rib middle layer of backfat were rapidly collected, frozen in liquid nitrogen, and stored at Ϫ80°C until RNA isolation. Blood samples were collected during postmortem exsanguinations. Blood samples were allowed to clot at 4°C overnight, centrifuged at 1,200 g for 30 min, and serum was collected and stored at Ϫ20°C. The protocol for the animal experiments was reviewed and approved by the Institutional Animal Care and Use Committee of Iowa State University (12-04-5797-S).
Feed Intake, Body Weight, Backfat, Loin Eye Area, and Blood Parameters
During the 8-day treatment period, the FI of each pig was recorded daily. Pretreatment and posttreatment body weight, 10th rib backfat depth, and loin eye area were measured on days 0 and 8 around 1600 -1800 (day 1 was designated as the start of feeding treatment). Backfat depth was measured by ultrasound (12) using an Aloka 500V SSD ultrasound instrument fitted with a 3.5-MHz, 12. 
RNA Isolation and Microarray Hybridization
Total RNA was isolated and purified from liver and adipose tissues using the Qiagen RNeasy midi kit and the Qiagen RNeasy lipid tissue kit (Qiagen, Valencia, CA). Quality and quantity of RNA were determined by using the Agilent 2100 Bioanalyzer (Foster City, CA). Average RNA integrity numbers were 9.5 Ϯ 0.3 (means Ϯ SD) for liver RNA and 8.4 Ϯ 0.7 for fat RNA samples. Microarray target sample processing, target hybridization, washing, staining, and scanning steps were completed according to manufacturer's instructions (Affymetrix, Santa Clara, CA) at two different times (fall and spring). RNA from liver and adipose tissue samples of 10 pigs that were harvested in the fall were hybridized in the fall, with exception of RNA samples from two pigs that were hybridized in the spring along with the RNA from 10 pigs that were harvested in the spring. Briefly, 10 g of total RNA from liver or adipose tissue was used to synthesize cDNA using a one-cycle cDNA synthesis kit. Resulting cDNA from each sample was used to transcribe biotinylated cRNA by T7 RNA polymerase and further fragmented and applied to the Affymetrix GeneChip Porcine Genome Array (hereafter called the Porcine GeneChip) that contains 24,123 probe sets. Following hybridization at 45°C for 16 h, the array was washed and stained with streptavidin-phycoerythrin at an Affymetrix GeneChip Fluidics Station 450 and fluorescent signals were scanned using an Affymetrix GeneChip Scanner 3000 (1) . Each tissue was assigned to one fluidics station to remove potential station effects for within-tissue comparisons, and four modules within each station were intentionally confounded with the blocks.
Transcriptome
The transcriptome for each tissue was established as described previously (52) . The probe-pair data were used to determine the detection call by the modified Wilcoxon signed rank test of the MAS 5.0 software (51) . For each tissue, probe sets with absent calls for all replicates in all treatments were removed, and the remaining probe sets were declared as expressed and established the transcriptome for that tissue. during treatment, and blood parameters were analyzed by a mixed linear model with RFI group, feed treatment, and their interactions as fixed effects, block as a random effect, and their pretreatment values (except for RFI) as a linear covariate. Analyses were performed by the mixed procedure of SAS/STAT software ver. 9.1.3 (SAS Institute, Cary, NC).
Gene expression. CEL files generated by the Affymetrix GeneChip Operating Software at the GeneChip Facility at Iowa State University were used as the raw data for statistical analysis. Data were deposited in the NCBI Gene Expression Omnibus (series accession no. GSE18359; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭ GSE18359), and data quality was examined with BioC version 2.0 (31) in R (66) . All 24,123 probes sets, including those with absent calls, were analyzed. Probe level measures were summarized into probe set level expression measures using the "simpleaffy" package (84) in R, according to the MAS 5.0 algorithm (1). However, the final step of aligning the trimmed means on the log scale was replaced by median centering normalization (86), i.e., subtracting the median expression from all expression measures on the logarithmic scale for each chip separately. Because the mean within-chip variability was different between the two sets of chips that were hybridized in two time periods, scale normalization (86) was further applied to match the within-chip median absolute deviations (MADs) to the geometric mean of MADs across all chips by a multiplicative scaling on the logarithmic scale for each chip. Both the median centering and the scale normalization were performed for each tissue separately.
To determine the proper model for analysis of the expression data, 405 candidate mixed linear models were fitted to the normalized expression measures for each tissue and each gene separately using the mixed procedure in SAS/STAT software ver. 9.1.3 (SAS Institute Cary, NC). All candidate models included RFI group, CR, and their interaction as fixed effects, but differed from each other by including any combination of the following nuisance factors in the model: 1) tissue harvest season (fall or spring), with or without interaction with other treatment effects of interest, was included as fixed or random effect, or excluded from the model; 2) blocks of pigs in each harvesting season (four levels) were broken up into five levels by coding as an additional group consisting of two pigs that were harvested in fall but hybridized at the same time as the pigs that were harvested in spring; and the resulting five-level factor was included as fixed or random effect, or excluded from the model; 3) chip hybridization day (five levels), 4) the process batch during washing of the chips (two levels) on the day after hybridization, and 5) module (four levels) in the Fluidics Station 450 were each included as fixed or random effects, or excluded from the model. On the basis of overall evaluation of gene-averaged SAS reported information criteria, the gene-averaged standardized prediction sums of squares from leaveone-out cross-validation, experimental design, and histograms of P values of contrasts of interest, the selected model included harvesting season, chip hybridization day, and block of pigs (five levels) as random effects for both tissues. For fat, since the P-value histogram indicated a nondetectable interaction between RFI group and CR, this interaction term was dropped from the model. In the selected model for each tissue, variance components were estimated with the method of residual maximum likelihood under nonnegativity boundary constraints. Fixed effect estimates and least squares means were then obtained using generalized least squares, and fixed effects contrasts were tested using Wald-type F-tests with Kenward-Roger's correction (44) . The positive false discovery control procedure (77) was used on each set of P-values of contrasts of interest to estimate q values (i.e., positive false discovery rate). Genes with q values Յ0.05 were declared to be DE as a result of caloric restriction and q values Յ0.2 were declared to be DE as a result of RFI. A less stringent threshold was used for RFI because of the lower power of this aspect of the experiment.
Affymetrix probe annotation. To obtain orthology information and improved annotation of the Porcine Genechip probesets, Affymetrix consensus sequences were used with BLASTN against the wellcurated NCBI RefSeq database. Highest scores were used with a conservative cutoff of 1e-10 for the E-value. In total, 17,798 (73.8% of all) probesets were assigned RefSeq annotation (18) .
Pathway analysis with gene ontology and Kyoto Encyclopedia Genes and Genomes. Genes in liver and subcutaneous fat that were DE because the CR (q Յ 0.05) or RFI group (q Յ 0.2) were divided into genes that were downregulated or upregulated as a result of caloric restriction, creating eight categories of genes. Using DAVID, an open-access Web-based functional annotation and clustering program (21), the eight categories of genes were analyzed for overrepresented (P Յ 0.05) Biological Process categories based on Gene Ontology (GO) or Kyoto Encyclopedia Genes and Genomes (KEGG) pathway categories (63) . The P values for overrepresentation were computed by a modified Fisher's exact test, using the transcriptome for each tissue as background. The biological process categories were clustered using Functional Annotation Clustering (21) , where the enrichment score for each cluster was computed as the negative log of the geometric mean of P-values in the cluster.
Pathway studio analyses. Four categories of gene lists made of DE genes in fat or liver tissues due to CR (q Յ 0.05) or RFI (q Յ 0.2) were analyzed with Pathway Studio 5.0 (63), a text-mining tool that detects relationships among genes, proteins, cell processes, and diseases as recorded in the PubMed database (Ariadne Genomics, Rockville, MD). Common regulatory transcription factors and nuclear receptors of DE genes were obtained based on reported (PubMed) interactions, which were defined as regulation, direct regulation, binding, and/or promoter binding. For each regulatory TF that satisfied these criteria, target DE genes were counted. Because of the very large size of the list of genes DE as a result of CR in fat, we tested in Pathway Studio only those genes with a fold change equal or greater than two.
Real-time quantitative PCR for verification of DE genes. Real-time quantitative PCR (qPCR) was used to verify differential expression due to either CR or RFI for eight genes in each tissue. Total RNA was isolated from backfat of pigs that were assayed using the Porcine Genechip as described above and reverse transcribed to cDNA using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) and oligo(dT) (20) . Real-time PCR was performed in duplicate using 100 ng cDNA (RNA equivalent) per 25-l reaction or per well with the Brilliant kit (Stratagene, La Jolla, CA) on Bio-Rad MyiQ Single Color real-time PCR Detection System (Bio-Rad, Hercules, CA). All probes and primers for real-time TaqMan PCR were designed (see Supplemental Table 2 in the online version of this article) using Primer Express 2.0 (Applied Biosystems, Foster City, CA), as previously described (20) . The probes contained 3Ј Iowa Black FQ quencher and 5Ј 6-FAM reporter (Integrated DNA Technologies, Coralville, IA). The qPCR conditions were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min, then 4°C. Because variation in the expression of commonly used housekeeping genes such as GAPDH, SDHA, RPL32, and YWHAZ (81) were observed in either a tissue or treatments in the Porcine Genechip, we normalized gene expression based upon the constant amount of RNA and cDNA amplified. This method has been proposed to be the most reliable standardization of quantitative measurement of mRNA expression, provided that accurate estimation of total RNA is made with tools such as Agilent Bioanalyzer (11) .
Quantification of gene expression was analyzed as previously reported (20) . Briefly, Ct values averaged across duplicate readings were analyzed by a mixed linear model with feed treatment, RFI, and their interactions as fixed effects, and block as a random effect, using the Mixed procedure of SAS/STAT software ver. 9.1.3 (SAS Institute, Cary, NC). A value of P Յ 0.05 was considered statistically significant for CR or RFI group effect. Fold change in expression was calculated as 2 ⌬Ct for each gene, where ⌬Ct is the difference between least square mean Ct values for the CR and AL groups.
RESULTS
Caloric Restriction and RFI Effects on Body Weight, ADG, FI, Backfat, Loin Eye Area, and Serum Metabolites
The effects of RFI group and 8-day CR on pretreatment RFI and pretreatment and posttreatment body weight, ADG, FI, backfat, loin eye area are summarized in Table 1 . The average RFI of the LRFI group was 0.3 kg/day less than that of the high RFI group (HRFI, P Ͻ 0.0001). The LRFI pigs tended to weigh less than the HRFI pigs at the beginning of treatment (LRFI ϭ 79.2 kg, HRFI ϭ 83.6 kg, P ϭ 0.07). Pretreatment backfat depth was 2.9 mm less in the LRFI group than the HRFI group (P ϭ 0.009), without a significant pretreatment loin eye area difference (P ϭ 0.56). At the end of the 8-day feeding treatment, the body weights did not significantly differ between LRFI and HRFI pigs (P ϭ 0.35); however, the backfat depth was less in the LRFI than the HRFI pigs (P ϭ 0.015).
Eighty percent of maintenance caloric requirement was roughly equivalent to 25% of the AL feed, which was ϳ2.85 kg/day. Pigs weighed ϳ81.4 kg before the feeding treatment, and their body weight (P ϭ 0.64), backfat depth (P ϭ 0.8), and loin eye area (P ϭ 0.46) did not significantly differ between CR and AL groups. During the treatment, AL pigs gained 0.98 kg/day, whereas CR pigs lost 0.56 kg/day (AL vs. CR, P Ͻ 0.0001), which resulted in the CR pigs weighing ϳ12 kg less than the AL fed pigs (P Ͻ 0.0001) at the end of treatment. The CR group's posttreatment backfat was 3.9 mm (P Ͻ 0.0001) and loin eye area was 250 mm 2 (P ϭ 0.017) less than those of AL group.
Several blood parameters were measured in the posttreatment serum samples, and these results are shown in Table 2 . Serum concentration of NEFA tended to be higher in the CR than the AL group (P ϭ 0.075). Thyroxine concentration was 22.6% lower in the CR than the AL pigs (P ϭ 0.023), and the triiodothyronine concentration tended to be 18.5% lower in the CR than the AL pigs (P ϭ 0.076). No significant effect of CR was noted for serum concentrations of glucose, insulin, TG, cortisol, and leptin. The serum triiodothyronine concentration in LRFI pigs was 31% higher than that of HRFI pigs (P ϭ 0.024). The effect of RFI was not significant for serum concentrations of glucose, insulin, TG, thyroxine, cortisol, and leptin. A significant interaction between RFI and CR was observed for the serum concentration of leptin (P ϭ 0.027), in which leptin concentration tended to decrease in response to CR in the HRFI group, but the opposite trend was present in the LRFI pigs. Values are least square means Ϯ SE pooled across treatments; n ϭ 5 per residual feed intake (RFI) by feeding treatment combination. HRFI, high residual feed intake; LRFI, low residual feed intake. Least square means within the same line that do not share the same superscript letter are significantly different at P Ͻ 0.05. Values are least square means Ϯ SE pooled across treatments, n ϭ 5 per RFI by feeding treatment combination. NEFA, nonesterified fatty acids; TG, triglycerides; CR, caloric restriction. Least square means within the same line that do not share the same superscript letter are significantly different at P Ͻ 0.05.
Caloric Restriction and RFI Effects on Expression of Genes in Fat and Liver
Of 24,123 probe sets evaluated by microarray analysis, 20,058 and 18,787 provided data indicating that the transcripts represented by these probe sets were expressed in fat and liver tissue, respectively. In response to an 8-day CR treatment, 6,114 transcripts in fat were DE (q Յ 0.05, P Յ 0.024), of which 2,845 were upregulated and 3,269 were downregulated (see Supplemental Table 3A in the online version of this article). In liver, 305 transcripts were identified to be DE (q Յ 0.05, P Յ 0.0009), of which 156 were upregulated and 149 downregulated ( Supplemental Table 3B ). We considered transcripts with false discovery rate less or equal to 20% (q Յ 0.2) to be DE as a result of difference between RFI groups. Because of RFI difference between groups, 311 transcripts in fat (P Ͻ 0.003, Supplemental Table 3C ) and 147 transcripts in liver (P Ͻ 0.0015, Supplemental Table 3D ) were declared to be DE (q Յ 0.2). An improved annotation of probesets on the Affymetrix GeneChip Porcine Genome Array (18) assigned gene names (BLASTN expectation score Ͻ 1E-10) to 84% and 81% of all DE transcripts due to either CR or RFI in liver and in fat, respectively. For simplicity, the changes in RNA levels detected by these annotated probe sets are referred to as gene expression differences for the remainder of the article.
Microarray Data Validation by qPCR
Expression patterns were verified by qPCR for seven genes in either fat or liver, which were predicted to be DE due to CR (qՅ0.05); these were selected to represent the lipid biosynthetic pathways in subcutaneous adipose tissue and gluconeogenesis in the liver (Fig. 1A) . Similarly, seven of nine tested genes (q Յ 0.2) representing lipid and amino acid metabolic processes in fat and cell proliferation and energy metabolism in liver were validated as DE in LRFI vs. HRFI pigs (Fig. 1B) . For all tested genes, expression differences were consistent in direction with the microarray results (Fig. 1, A and B) . Statistical significance of effects of CR treatment or RFI (P Ͻ 0.05) was confirmed by qPCR for all genes, except for SLC7A9 (P ϭ 0.09) and ITGA6 (P ϭ 0.2) in liver of HRFI vs. LRFI pigs (Fig. 1B) . The results obtained from microarray were statistically confirmed for 88% of the tested genes in liver and fat.
Biological Processes Affected by CR and RFI
To identify biological processes that respond to CR or RFI, lists of upregulated or downregulated DE genes in liver and fat were explored for overrepresentation of GO Biological Process categories. Lists of genes with overrepresented terms were further clustered by similarity of the associated GO term to increase sensitivity. Only pathways overrepresented by the CR-induced DE genes in fat and liver resulted in significant clusters (Enrichment score' 1.3, Supplemental Tables 4, A-D). In addition, the KEGG database was used to identify specific pathways that were overrepresented by genes that responded to RFI or CR treatments (P Յ 0.1) in liver or adipose tissues. KEGG annotations that were overrepresented by CR-induced DE genes in fat or liver (Fig. 2 ) and by RFI-induced genes in fat (Table 3) are summarized and described further in the following sections. The 147 liver genes DE between RFI groups did not result in any significant KEGG term.
Caloric restriction effects in fat. Subcutaneous adipose tissue underwent major transcriptional changes in response to 8-day CR that were reflected by the large number of DE genes (6, 114) , compared with the corresponding DE genes in liver (305). Caloric restriction caused down-regulation of adipose genes involved in direct energy generation pathways, such as oxidative phosphorylation, TCA cycle, and ATP synthesis. Indicative of metabolic changes that occurred in response to CR, adipose genes in many of the metabolic pathways, including the metabolism of carbohydrate, amino acid, and lipid were down-regulated ( Fig. 2 ; see Supplemental Table 4A in the online version of this article). Genes involved in lipid biosynthesis such as steroid and fatty acid synthesis were downregulated, as were genes in degradation of branched chain amino acids and glycolysis. Lipid and steroid pathways were also overrepresented when a list of the 50 DE genes with the highest fold change was analyzed (see Supplemental Table 5 in the online version of this article). Caloric restriction increased expression of genes involved in gene regulation, such as establishment and maintenance of chromatin architecture, DNA packaging, and RNA splicing, as well as genes in several immune response pathways, such as T-cell receptor signaling, natural killer cell-mediated cytotoxicity, complement and coagulation cascades, and the adipocytokine signaling pathway ( Fig. 2 ; Supplemental Table 4B ).
Caloric restriction effects in liver. In response to the 8-day CR, genes involved in the biosynthesis of macromolecules, such as steroid and protein synthesis were downregulated in liver. Caloric restriction also resulted in downregulation of genes in protein secretion and transport in liver ( Fig. 2 ; Supplemental Table 4C ). Transport and localization pathways were also overrepresented when a list of the 50 liver genes with the highest fold changes was analyzed (see Supplemental Table  5 in the online version of this article). Caloric restriction also induced upregulation of genes in genetic information processing pathways such as ribosome and proteasome, as well as ion transport processes, namely phosphate transport (Fig. 2 , Supplemental Table 4D ).
Effects due to RFI differences in fat. In LRFI animals, genes involved in lipid metabolic pathways, such as short chain fatty acid and monocarboxylic acid metabolism were downregulated. Genes involved in cellular homeostasis were downregulated in subcutaneous fat of LRFI pigs along with genes in generation of precursor metabolites and energy pathways ( Table 3 ). Compared with HRFI pigs, genes in carbohydrate metabolism were upregulated in adipose tissue of LRFI pigs (Table 3) .
Shared Genes and Pathways Between Treatments or Tissues
Commonly shared upregulated or downregulated genes either between liver and adipose tissues within the same treatment or between different treatments within the same tissue were identified (Fig. 3, A and B) . These commonly shared genes were then analyzed for overrepresented GO categories (P Յ 0.05) (Fig. 3, A and B) .
Genes and pathways that responded to CR in both fat and liver. Of genes responding to CR in liver, ϳ29% were also DE in fat. In response to CR, a total of 52 genes were downregulated in both liver and adipose tissues, and they were overrepresented in the steroid and cholesterol biosynthesis pathways (Fig. 3A) . Likewise, 34 genes were upregulated due to CR in both liver and fat, which resulted in overrepresentation of several metabolic pathways, including nucleic acid metabolism (Fig. 3B) .
Adipose genes and pathways that responded to both CR and RFI. Genes that were upregulated in adipose tissue of LRFI (vs. HRFI) and CR (vs. AL) pigs were overrepresented in cell communication and signal transduction pathways, including transmembrane receptor protein tyrosine kinase signaling (Fig. 3B) . Many of the pathways overrepresented among downregulated genes in fat of LRFI pigs (vs. HRFI), such as fatty acid metabolism, membrane organization, endocytosis, and generation of precursor metabolites and energy, were also overrepresented among the 74 downregulated adipose genes in both LRFI and CR compared with HRFI and AL, respectively ( Figs. 3 and 4 ). In fact, 42% of all DE adipose genes due to RFI were also DE in adipose as a result of CR, suggesting common pathways are involved in the response to these two factors.
Key transcriptional regulators of response to CR or RFI. Most of the changes in RNA levels that we observed were likely due to changes in levels of transcription. To understand the main transcriptional regulation involved in the response to CR or RFI, genes that were DE in liver and fat were analyzed for their connections to common TF or nuclear receptor regulators by using Pathway Studio 5.0. The analysis of CRinduced DE genes in adipose tissue was limited to genes with fold change equal to or more than two, because of the large number of DE genes. Connections between TF and their targets within the four DE gene lists (i.e., DE genes due to CR or RFI in fat or liver) were populated based on literature evidence of at least one of four interaction categories provided by Pathway Studio 5.0, which were promoter binding, binding, regulation, and direct regulation. Common regulators with the highest number of target genes across all four categories were determined, and their target genes were functionally annotated by GO biological process terms (PՅ0.05) and pathway clusters (Fig. 4) .
The most connected TF for DE genes in fat due to CR was estrogen receptor 1 (ESR1). This TF had the greatest number of target genes compared with all other identified TF of DE genes in the four categories. Pathway cluster analyses of ESR1 target genes identified four clusters, including homeostasis and cell cycle/apoptosis (Fig. 4 ). In addition, two transcription factors, HIF1A and Kruppel-like factor 5, were identified as highly connected TF of DE genes with fold changes equal to greater than 2 in fat due to CR.
The most connected TF for the DE genes in the remaining three categories (i.e., liver DE genes due to CR, fat or liver DE genes due to RFI) was transcription factor 1 (SP1). SP1 binds at the GC box promoter elements (41) of target genes, which have a wide array of functions, including embryogenesis, metabolism, growth, vision, and respiratory system (50) . As expected, pathway analyses of target genes of SP1 in these three tissue/treatment categories revealed distinct pathways and clusters (Fig. 4) . Several of the identified main TF of RFI-induced DE genes in fat or liver were known regulators of energy homeostasis processes, such as PPARG, PPARA, CREB1, and HIF1A.
Key networks of genes involved in the response to CR or RFI differences in fat. Using Pathway Studio 5.0, key gene networks were recognized by counting the number of interactions a DE gene has with other DE genes within each of the four categories of gene lists (i.e., DE genes due to CR or RFI in fat or liver). IGF1 and ESR1 gene networks populated the highest number of interacting genes in response to CR in fat. In response to RFI in fat, the leptin gene network had the highest number of interacting genes (data not shown).
DISCUSSION
Our main findings demonstrate specific transcriptional responses to CR and RFI across liver and adipose tissues with congruent changes in serum metabolites, and we document metabolic pathways and transcription factors that appear to govern these responses. Although alterations in RNA expression do not always correspond to alterations in protein expression or activity, we suggest that systemic changes in the expression of genes that belong to overrepresented GO or KEGG categories imply functional change of pathways represented by these categories. Statistical significance of genes discussed hereafter is summarized in either Table 4 or Table 5 unless referenced elsewhere. Steroid biosynthesis pathway was downregulated in both liver and adipose tissues due to CR. As was observed with a CR study in rodents (73) , in both liver and adipose tissues, we observed the downregulation of genes in lipid and steroid biosynthetic processes. Of the four genes involved in steroid synthesis that were down-regulated in both fat and liver, the expression of one, 7-dehydrocholesterol reductase (DHCR7), was tested and confirmed by qPCR (Fig. 1A) . Similar to a related 3-day fasting study of pigs, in which genes with some of the highest fold changes in both fat and liver tissues overrepresented steroid synthesis pathway (52), our results indicated that the 50 DE genes in fat with highest fold changes in response to 8-day CR overrepresented the steroid synthesis pathway.
Caloric restriction induced genes in the immune response pathways. Reports indicate that short term acute CR induces transcriptional changes involved in aging mechanisms in ro-dents (24, 73) . Calorie restriction used in our study was ϳ25% of AL feed and is comparable to the CR used in longevity studies (38) .
A loss of the capacity to remodel neuroendocrine-immune response leads to increased age-associated pathologies (62) . Enhancement of immune response may underlie some of the antiaging mechanisms associated with CR (25). We report that 172 genes in immune response pathways were upregulated in response to CR in adipose tissue, which resulted in overrepresented KEGG immune response pathways (Fig. 2) and significantly clustered immune response GO terms ( Supplemental  Table 4B ). Therefore, our results indicate that some of the CR-mediated longevity promoting effects may be explained by a stimulation of immune response pathways.
Enhancement of anticoagulatory pathway in response to CR. A correlation between aging and heightened coagulation activity has been documented in humans (43, 55) . Plasmin has an anticoagulatory role, in which it degrades many blood plasma proteins and is involved in fibronolysis. Plasminogen (PLG) is a circulating zymogen that is converted to the active enzyme plasmin by cleavage that is mediated by tissue plasminogen activator and urokinase. In our study, PLG was 3.4 fold upregulated as a result of CR along with the gene encoding the tissue plasminogen activator protein, which was 1.5-fold upregulated in the fat due to CR (Table 4 ). Interestingly, mice overexpressing plasminogen activator have reduced food consumption, body weight, and increased longevity (61). In addi- Fig. 3 . Shared genes and pathways between fat and liver tissue response to RFI or CR and tissue-specific overlapped genes and pathways between RFI and CR treatments. A: overlapment of down-regulated genes and corresponding pathways (GO, P Ͻ 0.05) B: overlapment of up-regulated genes and corresponding pathways (GO, P Ͻ 0.05). tion, several anticoagulatory modulators such as thrombomodulin and fletcher factor 1 (kallikrein b) were upregulated by CR in our study (Table 4 ). Thrombin is a serine protease that has many catalytic effects in the coagulation cascade, including converting soluble fibrinogen into insoluble strands of fibrin (48) . Thrombomodulin, which was 1.5-fold upregulated by CR in our study (Table 4) , forms a complex with thrombin and functions as an anticoagulant factor in the thrombin-induced activation of protein C (23). Kallikrein b is a serine protease involved in the kinin-kallilkrein system, which plays a role in blood pressure control, coagulation, inflammation, and pain. Human kallikrein gene delivery has been shown to attenuate hypertension (14) , and although no direct relation between aging and kallikrein has been established, genetic studies have indicated a correlation between longevity and cardiovascular risk markers, such as apolipoprotein E and angiotensin-converting enzyme (4, 7) . Taken together, our data indicate that CR enhances anticoagulatory mechanisms in the pig, which may contribute to longevity-promoting pathways that are associated with CR.
T cell receptor signaling pathway in CR. Adipose tissue contains diverse cell types, including T cells, macrophages, fibroblasts, endothelial cells, and multipotent mesenchymal cells according to studies in rodents (26, 36) . T cells play a central role in cell-mediated immunity and T cell receptor (TCR) activation, and they promote a number of signaling cascades that determine cell fate by regulating cytokine production, cell survival, proliferation, and differentiation (10) . Aging leads to an accumulation of T cells with signal transduction defects (70) , and such changes in T lymphocyte populations underlie much of the age-related decline in the protective immune response (60) . In our study, 13 genes that were upregulated with CR were annotated as having direct involvement in the T cell receptor signaling pathway (Fig. 2 , Table 4 ). Of these, several genes such as nonreceptor type 6 protein tyrosine phosphatase (PTPN6), E3 ubiquitin ligase casitas B-lineage lymphoma-b (CBLB), and tec protein tyrosine kinase, are involved in activation of TCR signaling. PTPN6 expression was upregulated 3.7 fold in fat in response to CR in our study. The N-terminal part of PTPN6 contains two tandem src homolog domains, which act as protein phosphotyrosine binding domains and mediate the interaction of protein tyrosine phosphatase with its substrates in TCR signaling (88) . Z-chainassociated protein kinase (ZAP-70) is recruited to the TCR/ CD3 complex and activates the T cell (65) . PTPN6 can bind to ZAP-70, resulting in suppression of T-cell activation by increasing PTPN6 phosphatase activity, thus decreasing ZAP-70 kinase activity (65) . Another protein that negatively regulates ZAP-70 is CBLB, and it was 1.4 fold upregulated with CR in our study. CBLB plays an important role in regulating the threshold of signaling in T cells and knockouts of CBLB results in an increased susceptibility to development of autoimmunity (49) .
Results in our study indicate that some genes that have a stimulating effect on the TCR activation were also upregulated with CR. Activation of Src-family kinase FYN is central to the initiation of TCR signaling pathways (71) and was 1.3 fold upregulated by CR in our study. Our results also show that processes downstream of TCR activation, including MAPK, NF-B, and Ca 2ϩ signaling, are affected by CR. Genes in the MAPK signaling pathway, such as MAPK8, growth factor receptor-bound protein 2, and v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog, and genes in Ca 2ϩ signaling, such as nuclear factor of activated T-cells 5 and protein phosphatase 3 catalytic subunit, beta isoform, were upregulated in response to CR. The NF-B complex is inhibited by I-B proteins (e.g., NFKBIA), which inactivate NF-B by trapping it in the cytoplasm. In our study, NFKBIA was also 1.6 fold upregulated due to CR. T cell markers, such as CD4 and CD8, were not differentially expressed in our study, indicating that the changes in expression of genes in TCR signaling were likely transcriptional rather than indicating change in cell type frequencies in these tissues (Table 4 ). Taken together, our results indicate that CR modulated TCR signaling via changes in expression of genes involved in both activation of TCR signaling and its downstream effectors.
ESR1 Targets CR-Induced DE Genes in Cell Cycle and Apoptotic Pathways
Transcription factors play key roles in regulating adaptive processes involved in energy restriction. We identified several TF that were previously known to be involved in energy homeostatic processes, such as CREB1, HIF1A, PPARG, and PPARA (22) , as well as several TF not previously implicated in these processes. The role of ESR1 in adaptation to feed restriction is not documented. However, an emerging importance of ESR1 in metabolic systems is evident, as a number of ESR1 polymorphisms have been associated with metabolic syndromes like atherosclerosis and type II diabetes (19, 29, 37, 58) . Moreover, in hepatic tissue, administration of estradiol downregulates expression of lipogenic genes and improves insulin sensitivity (30) . ESR1 was 2.4-fold upregulated with CR (q ϭ 0.03, P ϭ 0.01) and had the highest number of DE target genes compared with any other TF in the four categories of genes in our study (Fig. 4) . In a related 3-day fasting study in pigs, we found ESR1 to be significantly upregulated and to target many of the DE genes in fat due to fasting (52) . In the current study, 19 CR-induced DE genes in adipose tissue have been shown in the literature of being directly regulated by ESR1, and these genes belonged to pathways of energy homeostasis, development, protein transport, and localization, and apoptosis (Fig. 4) .
The lifespan of a cell depends on the balance between prosurvival and apoptotic or death-promoting factors. Longevity-promoting effects that are associated with CR have been attributed to changes in apoptotic and cell survival pathways in many cell types, including neurons, renal cells, and hepatocytes (5, 17, 78, 87) . In our study, several pathways involved in apoptosis and cell survival/proliferation were overrepresented by the CR-induced upregulated fat genes, such as Fas receptor, Fasassociated death domain-containing protein, p101 protein, and NF-B1 (Fig. 2 , Table 4 , Supplemental Table 4A ). Interestingly, target genes of ESR1, which were more than twofold DE in adipose tissue in response to CR, overrepresented pathways that pertain to cell cycle, cell proliferation, and cell death, such as cyclin-dependent kinase inhibitor, breast cancer 1, early onset, nonmetastatic cells 1 genes (Table 4 ). Fat cell number increases with age and restriction of energy intake reduces the number of fat cells in fat depots (56, 75) . In our study, loss of backfat depth along with a trend of increased nonesterified fatty acids in the bloodstream associated with CR was observed. We also confirmed the expression of CR-induced downregulation of five genes in fat that are involved in lipogenesis (ACACA, FASN, ACO1, DHCR7, ACADL) by qPCR ( Fig. 1A) . Therefore, the upregulated expression of proapoptotic genes in fat due to CR may explain the previously documented CR-induced decrease in number and size of adipocytes (56, 75) . Our in silico literature-based transcriptional factor analyses also indicate that CR-induced genes in apoptotic pathway are regulated by ESR1. Taken together, we propose that the increase in lifespan associated with CR may be attributable to changes in expression of genes in apoptotic pathways that, in part, may be under the transcriptional control of ESR1.
Transcriptional Differences due to RFI Correspond to Lipid Metabolism
We report the transcriptional response of many genes in fat and liver that have not been previously reported to be associated with feed efficiency or RFI. A difference in lipid metabolism in the adipose tissue between RFI groups was not unexpected because a previous study on selection response for RFI in Yorkshire swine found a 10th rib backfat depth of LRFI pigs was 2.62 Ϯ 1.01 mm (P Ͻ 0.05) less than the control pigs, which were the basis of the current study (12) . This was comparable to findings in the present study that 10th rib backfat of LRFI pigs was thinner than that of HRFI pigs (Table  1) . Expectedly, the transcriptional response to RFI differences resulted in downregulation of genes that overrepresented many pathways involved in lipid metabolic processes, such as carboxylic acid, monocarboxylic acid, fatty acid, and short-chain fatty acid metabolism (Table 3 ). Our results on RFI-induced transcriptional changes of genes in lipid metabolism explain some of the previously reported differences in fat content of poultry (27, 54) and cattle (3, 35) with divergent RFI. Serum leptin concentration has been shown to positively correlate with RFI values in pigs and cattle (35, 64) . In our study, serum leptin concentration did not differ between the two lines, and this is likely attributable to the limited number of animals used in this experiment. On the other hand, we report that expression of leptin was 2.4-fold downregulated in LRFI pigs, and this was confirmed by qPCR ( Fig. 1B) . Therefore, abundance of leptin transcripts may be a more sensitive marker to evaluate feed efficiency-associated traits compared with the serum leptin concentration. Key gene network analyses in our study indicated that leptin had the greatest number of interacting DE genes due to RFI differences, suggesting that the leptin gene network is a potentially important component contributing to RFI differences.
Interestingly, our intertreatment analyses found 74 downregulated genes in fat due to both CR response and RFI differences, and these genes overrepresented the same lipid metabolic pathways that were overrepresented by adipose genes induced by RFI differences alone ( Fig. 3 , Table 3 ). The CR-and RFI-induced downregulated genes in lipid metabolic processes are summarized in Table 5 . This indicates that the lipid metabolic processes in feed-efficient LRFI animals were altered, compared with HRFI pigs, in a similar fashion as in the CR-treated animals and may explain previously reported CRdriven feed efficiency (67, 69) . Changes in expression of lipid metabolic genes are likely attributable to the feed efficiency observed in LRFI pigs.
Our TF analyses revealed 13 TF that are known to regulate genes found to be DE as a result of RFI differences in adipose tissue. Some of these TF, such as PPARG, PPARA, and CREB1, target genes that belong to lipid metabolic processes. For example, a target of PPARA, endothelial cell-derived lipase (LIPG) has phospholipase and triglyceride lipase activities and hydrolyzes high-density lipoproteins more efficiently than other lipoproteins (39, 40) . Overexpression of LIPG in mice reduces plasma concentration of HDL cholesterol (40) and LIPG was downregulated by 2.0-and 1.7-fold due to RFI and CR, respectively ( Table 5 ). Another target of PPARA is the Niemann-Pick disease type C1 (NPC1) gene, which encodes a putative integral membrane protein and plays a role in intracellular transport of cholesterol to postlysosomal destinations (53) . The NPC1 RNA was 1.4-and 1.3-fold downregulated in CR treated pigs (vs. AL) and LRFI pigs (vs. HRFI), respectively. Mitochondrial glycerophosphate dehydrogenase (GPD2) was one of the RFI-induced genes targeted by both CREB1 and PPARG (Fig. 4) . The protein encoded by GPD2 is located on the outer surface of the inner mitochondrial membrane and catalyzes the unidirectional conversion of glycerol-3-phosphate to dihydroxyacetone phosphate, which eventually feeds into glycolysis (32) . GPD2 was downregulated 1.6-fold in LRFI and 1.7-fold in CR animals in our study. Such commonality in transcriptional response between the RFI and CR-associated pathways indicate that LRFI pigs may mimic the energy conservation process seen in response to CR in the adipose tissue via downregulation of genes in lipid metabolism. Moreover, some of the RFI-induced lipid metabolic genes in adipose tissue have been reported to be transcriptionally controlled by PPARA, PPARG, and CREB1. Perhaps the differential regulation of lipid metabolic processes can explain some of the feed efficiency differences seen between LRFI and HRFI pigs.
Triiodothyronine and RFI. Serum triiodothyronine has been associated with positive growth traits during early postnatal development of several species, including cattle and swine (8, 13, 34, 46) . However, conflicting results have been reported regarding the association of triiodothyronine concentration with RFI during the growing phase of the animal (27, 28) . In our study, serum concentration of total triiodothyronine was higher in LRFI than HRFI pigs ( Table 2) . Thyroid hormones affect multiple processes in all organ systems; therefore, to elucidate the connection between RFI and triiodothyronine in pigs, further studies are needed to evaluate the biology of the thyroid gland in reference to RFI differences.
Perspectives and Significance
This is the first study to report transcriptional changes associated with both RFI differences and response to CR. We report that genes in lipid metabolic processes were significantly altered in adipose tissue due to RFI and CR, which suggests that LRFI pig shifted to energy conservation and efficient utilization pathways. These CR-and RFI-induced regulatory changes may be controlled by PPARA, PPARG, and CREB1. Caloric restriction modulated immune pathways, which may explain, in part, CR-driven lifespan enhancement. We further provide evidence for the role of ESR1 in the adipose tissue in response to short-term acute CR. 
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